Background: DNA deletions at short repeat sites containing ribonucleotides are Top1-dependent. Results: Top1 generates DNA deletions at short repeat sites in vitro and also reverses nicks at ribonucleotide sites. Conclusion: The impact of Top1 on the ribonucleotide sites is both negative and positive. Significance: We elucidate the detailed mechanism of Top1 interacting with ribonucleotide sites, the most frequently misincorporated non-canonical nucleotides.
The chemical stability of deoxyribonucleotide monophosphates makes them the preferred nucleic acids for storing genetic information. DNA replicative polymerases are highly selective for the deoxyribonucleotides over ribonucleotides due to the steric hindrances present at their substrate-binding sites. However, the selectivity of the DNA polymerases for the correct sugar structures is not absolute, which could be further exacerbated in some cancers bearing mutations in the replicative polymerases (1) (2) (3) (4) . Combined with the vast excess of ribonucleotide triphosphate over deoxyribonucleotide triphosphate pools, ribonucleotides are frequently misincorporated into the genome during DNA synthesis (5) (6) (7) . Based on recent estimates, ribonucleotide monophosphates (rNMPs) 2 are the most frequently misincorporated non-canonical nucleotides during replication (for review, see Refs. 8 and 9) .
The majority of the misincorporated rNMPs are removed by a repair pathway termed ribonucleotide excision repair (RER), which is initiated by RNase H2 nicking the DNA backbone on the 5Ј-side of the rNMPs (6, 10 -12) . In addition, nucleotide excision repair has been implicated as backup pathway for rNMP removal (13, 14) . Genetic studies in yeast and mammalian cells show that blocking RER by inactivating RNase H2 leads to heightened cellular distress and genomic instability (10, 15) .
The phenotypes exhibited by yeast strains harboring high levels of genomic rNMPs include DNA deletion at hot spots consisting of short repeats, increased rate of recombination, and replication stress (6, 10) . Strikingly, inactivating DNA topoisomerase I (Top1) in these yeast strains reverses these phenotypes (10, 16 -18) , firmly implicating processing of rNMPs by Top1 in the observed cellular responses.
Top1 is an ubiquitous enzyme that relaxes DNA supercoiling induced by DNA replication, transcription, and chromatin remodeling (19 -21) . The catalytic mechanism of Top1 involves a reversible transesterification reaction, initiated by the nucleophilic attack by the active-site tyrosine (Tyr-723 for human Top1) on the scissile phosphate, generating a DNA nick and a covalent protein-DNA complex (termed the Top1 cleavage complex (Top1cc)). The Top1cc allows the nicked duplex to * This work was supported, in whole or in part, by National Institutes of Health rotate around the intact strand in a Top1-controlled fashion (22, 23) , removing any local helical tension before a second transesterification reaction restores the continuity of the DNA backbone. However, in the case of a covalent Top1-DNA complex at rNMP sites, the 2Ј-hydroxyl on the rNMPs can initiate nucleophilic attacks on the phosphotyrosyl linkages, generating a 2Ј,3Ј-cyclic phosphate and freeing Top1 (see Fig. 5 , inset) (16, 24) . The subsequent events leading to DNA deletions at short repeat sites have been the subject of much speculation (8, 9, 16, 18, 25) .
Here, we demonstrate that Top1 alone is sufficient to induce the observed DNA deletion at a short repeat site via sequential cleavage of DNA adjacent to the rNMP site. The Top1-induced DNA deletion events described here were accompanied by loss of the rNMPs, potentially accounting for the way Top1 acts as a backup rNMP removal pathway, albeit at a cost of sequence deletions. In addition, we show that Top1 promotes the religation of rNMP-induced DNA nicks, thus allowing the RNase H2-dependent repair pathway to carry out error-free removal of rNMPs.
Experimental Procedures
Protein Expression and Purification-Human recombinant Top1 and Top1-Y723F were purified using a baculovirus expression system from Sf9 insect cells as described previously (26) . Human recombinant tyrosyl-DNA phosphodiesterase 1 (TDP1) was overexpressed and purified from Escherichia coli as described previously (27) . Overexpression and purification of N-terminally His 10 -tagged E. coli RNA 3Ј-terminal phosphate cyclase (RtcA) were carried out essentially as described previously with minor modifications (28) . Briefly, pET16b-RtcA-(2-339) was transformed into BL21(DE3) competent cells and grown in LB medium containing 100 g/ml ampicillin to A 600 ϭ 0.6ϳ0.8 before the culture was chilled and grown for another 16 h in the presence of 0.1 mM isopropyl ␤-D-1-thiogalactopyranoside and 2% (v/v) ethanol at 17°C. All subsequent procedures were performed at 4°C. The cells were harvested, and the pellet was resuspended in buffer A (50 mM Tris-HCl (pH 7.4), 250 mM NaCl, 2 mM 2-mercaptoethanol, and 10% sucrose supplemented with Complete EDTA-free protease inhibitor mixture tablets (Roche Applied Science)). Lysozyme was added to the concentration of 0.2 mg/ml, and the mixture was allowed to gently mix at 4°C for 1 h before sonication, followed by clarification by ultracentrifugation at 30,000 ϫ g for 45 min. The soluble lysate was loaded on a HisTrap HP column (GE Healthcare) precharged with nickel ions and pre-equilibrated with buffer A. The column was washed first with buffer A and then with wash buffer (buffer A with the addition of 25 mM imidazole) before elution with a gradient of 100 -500 mM imidazole, with the protein peak eluting at ϳ340 mM imidazole. The protein peak fractions (Ͼ95% pure assayed by SDS-PAGE) were buffer-exchanged into storage buffer (10 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM DTT, 1 mM EDTA, and 10 mM ATP) and concentrated using centrifugal filters (Millipore). The protein sample was brought to a final concentration of 50% (v/v) glycerol and stored at Ϫ80°C.
Generationof2Ј,3Ј-CyclicPhosphateEnds-The12-meroligonucleotide bearing a 3Ј-terminal ribonucleotide and a 3Ј-phos-phate with sequence 5Ј-AGCGTTGAAGArU-P (final concentration of 4 M) was incubated with RtcA (final concentration of 0.1 g/l) in buffer containing 50 mM Tris-HCl (pH 7.4), 10 mM MgCl 2 , 200 M ATP, and 2 mM DTT at 37°C for 30 min. Calf intestinal alkaline phosphatase (CIP; 1 unit/l) was added to the samples where indicated, and the reaction mixtures were further incubated at 37°C for 30 min before the addition of 1 volume of gel loading buffer (96% (v/v) formamide, 10 mM EDTA, 1% (w/v) xylene cyanol, and 1% (w/v) bromphenol blue) to terminate the reaction. The resulting products were analyzed on a 20% denaturing polyacrylamide gel and stained with SYBR Gold (Life Technologies, Inc.).
DNA Substrates-Custom-synthesized oligonucleotides (Midland Certified Reagent Co. and Integrated DNA Technologies, Inc.) were either 3Ј-or 5Ј-labeled prior to annealing with the unlabeled complementary strand at a 1:1 ratio. For nicked DNA substrates, RtcA-or mock-treated oligonucleotides with different 3Ј-ends were passed through mini Quick Spin Oligo columns (Roche Applied Science) before 5Ј-labeling with [␥-32 P]ATP (PerkinElmer Life Sciences) by T4 polynucleotide kinase (3Ј-phosphatase minus, New England Biolabs). After passing through the mini Quick Spin Oligo columns to remove residual [␥-32 P]ATP, the 5Ј-radiolabeled oligonucleotides were annealed to unlabeled complementary strands 5Ј-ATGTGGC-AAAACCTTTGT and 5Ј-ACAAAGGTTTTGCCACATATC-TTCAACGCT at a 1:1:1 ratio.
In Vitro Top1 Cleavage Assays, Alkaline and RNase H2 Treatments-The in vitro Top1 cleavage assays were carried out as described previously (29) . The reaction mixture contained 50 -200 nM labeled double-stranded or nicked DNA construct and 70 or 140 nM human recombinant Top1. The reaction mixture also contained 10 M camptothecin or a 2-fold serial dilution of human recombinant TDP1 (1-0.125 M) where indicated. The reaction was stopped by the addition of 0.5% SDS (final concentration) after incubation for 1 h at 25°C. For the alkaline treatments, nicked DNA constructs containing 2Ј,3Ј-cyclic phosphate ends were allowed to react with 70 or 140 nM Top1 for 1 h at 25°C before the reactions were stopped by the addition of 0.5% SDS (final concentration). The samples were then split in two equal parts, and one part of the reaction mixture was further treated with 0.3 M KOH (final concentration) at 55°C for 1 h. Alternatively, RNase HII (New England Biolabs) at 0.05 units/l (final concentration) was added to the reaction mixture and further incubated at 25°C for 15 min. All reactions were stopped by the addition of 1 volume of gel loading buffer and analyzed on 20% sequencing gels.
Results
Top1 Binding at rNMP Sites Generates DNA Nicks with 2Ј,3Ј-Cyclic Phosphate Ends-To study the mechanism of Top1-dependent DNA deletions at short repeat sites on a high rNMP background, we focused on the (AT) 2 hot spot from the CAN1 gene, which exhibits a strong Top1-dependent deletion signature (16 -18) . We carried out Top1 cleavage assays with DNA constructs containing the (AT) 2 hot spot ( Fig. 1A) in the absence and presence of camptothecin, a highly selective and potent Top1 poison (20, 30) . The constructs contained dT, dU, or rU at the first dT position within the (AT) 2 hot spot (the X-position in Fig. 1A ; the designation of the Top1 sites on the (AT) 2 hot spot is adopted from our previous study (16) ), indicating the position of the phosphotyrosyl linkage in the Top1cc.
With DNA constructs 3Ј-labeled on the transcribed strand, the Top1 site (site f) was greatly enhanced when rU was present at the X-position independently of camptothecin (Fig. 1B, lane  9) . By contrast, the Top1 site (site f) was barely visible with either dT or dU at the X-position (Fig. 1B, lanes 3 and 6) , although the addition of camptothecin enhanced Top1 cleavage at site f (lanes 4 and 7) . This indicated that although the Top1cc at site f was susceptible to camptothecin trapping, the 2Ј-hydroxyl at the X-position was capable of enhancing site f cleavage independently of camptothecin. Furthermore, the addition of camptothecin promoted other Top1 sites on the same construct, competing with site f under our experimental conditions. S N 2 attack on the scissile phosphate of a Top1cc by the 2Ј-hydroxyl at ribonucleotide sites results in a nick in the DNA backbone, accompanied by the release of Top1 (see Fig. 5 , inset) (16, 24) . We confirmed that the Top1-induced product with rU at the X-position was an enzyme-free DNA nicked at site f by performing Top1 cleavage assay with substrates radiolabeled at the 5Ј-end of the transcribed strand (Fig. 1C ). The appearance of the Top1-induced band corresponding to a 12-nucleotide (nt) piece of DNA bearing 2Ј,3Ј-cyclic phosphates (termed 12CP) indicates that Top1 was not covalently linked to the product (Fig. 1C) . Accordingly, the product resulting from Top1 interaction with rU at the X-position was a nicked DNA with the 2Ј,3Ј-cyclic phosphate at the nick site (upper panel in Fig. 2A , with the 2Ј,3Ј-cyclic phosphate indicated by the inverted red triangle) (24, 31) .
We reasoned that subsequent Top1 binding to the nicked DNA substrate likely led to formation of additional Top1cc (25, 32) , which did not enter the gel due to the covalent linkage of Top1 to the 3Ј-end of the DNA. The appearance of the band at the bottom of the well in the presence of Top1 confirmed this (Fig. 1D , lane 2, Top1cc band). We took advantage of the fact that TDP1 directly hydrolyzes such complexes (33, 34) to map the position of the phosphotyrosyl linkage on the substrate. Although TDP1 does not resolve intact Top1cc efficiently (35) , the amount of Top1cc decreased with increasing TDP1 (Fig.  1D , lanes 2-6, Top1cc band). Most importantly, TDP1 generated two products in a dose-dependent manner, corresponding to the Top1cc immediately upstream from the ribonucleotideinduced nick, at sites h and i (Fig. 1, A and D) , with the Top1cc at site i being the dominant product.
Generation of Substrates Containing 2Ј,3Ј-Cyclic Phosphate-To investigate how a nicked DNA with 2Ј,3Ј-cyclic phosphate leads to short deletions ( Fig. 2A) , we sought to generate DNA substrates mimicking Top1-induced nicked DNA at rNMP sites. Although Top1 readily generated 2Ј,3Ј-cyclic phosphates, such products required gel purification, and the 2Ј,3Ј-cyclic phosphates were not sufficiently stable through the lengthy purification steps. To circumvent such complex and 
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inefficient purification steps, we took advantage of the fact that RtcA efficiently converts a ssDNA with a 3Ј-rU and 3Ј-phosphate group (termed 12rUP) into a 2Ј,3Ј-cyclic phosphate (Fig.  2B) (36) . Because 2Ј,3Ј-cyclic phosphates are resistant to dephosphorylation by CIP (24), CIP digestion confirmed complete conversion of the substrates by RtcA into ssDNA bearing 2Ј,3Јcyclic phosphates (12CP) under our experimental conditions (Fig. 2C ). The resulting 12CP was then 5Ј-radiolabeled before annealing to the unlabeled complementary strands to produce the nicked DNA constructs mimicking nicked DNA generated by Top1 at ribonucleotide sites (upper panel in Fig. 2A , with the 2Ј,3Ј-cyclic phosphate indicated by the inverted red triangle).
Sequential Binding of Top1 Induces the 2-nt Deletion at the (AT) 2 Repeat Site-To examine whether Top1 alone is able to generate the 2-nt deletion by acting on the substrates containing 2Ј,3Ј-cyclic phosphates ( Fig. 2A) , we allowed Top1 to react with substrates bearing different 3Ј-ends at the nicked site (Fig.  3A, Nicked-12X ). Using these nicked DNA substrates allowed us to focus on the subsequent events induced by Top1 after the initial nicking at the rNMP sites. As shown in Fig. 3A , the top strand (transcribed) of the (AT) 2 hot spot construct was split into a 5Ј-radiolabeled 12-nt piece bearing different 3Ј-ends and an 18-nt piece bearing a 5Ј-hydroxyl. Therefore, any product longer than 12 nt represented a religation product.
The addition of Top1 to all nicked DNA constructs generated Top1cc (Fig. 3B, Top1cc band, corresponding to the bottom of the gel wells) (21, 37) . These Top1cc represent suicide complexes generated by Top1 binding to the 5Ј-side of the existing nick (32). In addition, we observed a Top1-induced 28-nt product with all substrates tested. Because direct sealing of the DNA nicks would generate a 30-nt (12 ϩ 18 nt) product, the 28-nt product represents a faulty religation product with a 2-nt deletion. We hypothesized that the second Top1cc 2 nt upstream from the nicked site (site h in Fig. 1D) was responsible for the observed 2-nt loss. Even though the Top1cc formed at site i was more abundant than that at site h, the Top1cc at site i appeared inefficient in religating across the gap, as few if any 27-nt products were generated (Fig. 3B ). Top1 induced varying amounts of the 28-nt products in the different substrates, which were the most abundant when the 3Ј-end was a deoxyribose without phosphate (termed Nicked-12dT) (Fig. 3B, lanes 2 and  3) . The difference in local structures of the various 3Ј-ends at the DNA nicks most likely modulated the occurrence of the Top1cc at site h.
Top1 Binding at DNA Nicks with 2Ј,3Ј-Cyclic Phosphates Promotes Religation-In the case of the construct bearing 2Ј,3Јcyclic phosphate at the nicked site (termed Nicked-12CP), Top1 induced, in addition to the 2-nt deletion (28-nt) product, a prominent 30-nt product (Fig. 3B, lanes 14 and 15) . The same construct also generated a small amount of 30-nt products in the absence of Top1 (Fig. 3B, lane 13) , indicating that 2Ј,3Јcyclic phosphates are susceptible to direct nucleophilic attack by the 5Ј-hydroxyl at the DNA nicks (38, 39) . However, the presence of Top1 substantially enhanced the formation of the 30-nt product.
We reasoned that the binding of the Top1 enzyme to Nicked-12CP at site f potentially promoted a favorable alignment of the 2Ј,3Ј-cyclic phosphate and the 5Ј-hydroxyl for nucleophilic attack (see Fig. 5, inset) . Therefore, we tested the ability of the catalytically inactive Top1-Y723F mutant enzyme (20, 40) to generate the religation product from the nicked DNA constructs. Lacking the catalytic residue, Top1-Y723F cannot catalyze the cleavage reaction, but maintains its DNA-binding affinity. As expected, Top1-Y723F did not induce Top1cc (Fig.  3C ). In addition, Top1-Y723F failed to induce the 28-nt product from any of the nicked DNA constructs tested, indicating that the generation of the deletion product requires the catalytic activity of Top1. Top1-Y723F and wild-type Top1 induced similar amounts of the 30-nt product from Nicked-12CP (Fig. 3C,  lanes 14 and 15) , consistent with the idea that Top1 binding promotes religation of 2Ј,3Ј-cyclic phosphate and the 5Ј-hydroxyl group. The Top1-induced Faulty Religation 28-nt Product Does Not Contain rNMPs-To confirm that the 30-nt religation product indeed contained the rNMP (see Fig. 5g ) and that the 28-nt product had lost the rNMP (see Fig. 5f ), we treated the religation products with alkali (KOH) (Fig. 4D) . Comparison of the band intensities of the 28-nt products with and without treatment revealed that the 28-nt product was completely resistant to alkaline treatment (Fig. 4D, compare lanes 2 and 3 with lanes  5 and 6) , indicating the rNMPs had been lost. By contrast, the 30-nt religation product was sensitive to alkaline treatment (Fig. 4D, compare lanes 1-3 with lanes 4 -6) , confirming the presence of rNMPs. Additional experiments were performed with RNase H2, which breaks DNA only at the rNMP sites (Fig.  4E) . The 30-nt religation product was sensitive to RNase H2, whereas the 28-nt religation product was not. These results confirmed that Top1 promoted religation of the DNA nick with 2Ј,3Ј-cyclic phosphate. Furthermore, at the (AT) 2 hot spot, sequential Top1cc 2 nt away from the nick led to the 2-nt deletion, accompanied by loss of the rNMPs (Fig. 5 ).
Discussion
Genomic misincorporation of rNMPs occurs in many domains of living organisms, from bacteria to yeast to mammalian cells (5, 6, 15, 41) . Cells have developed specific RNase H2-dependent pathways for the removal of rNMPs, termed RER. In general, the misincorporated rNMPs are first recognized by RNase H2, which signals the beginning of the repair process by nicking the DNA on the 5Ј-side of the rNMP. These nicks serve as the entry point for a host of repair enzymes to simultaneously remove the pieces of rNMP-containing DNA and synthesize rNMP-free DNA. In E. coli, removal of the rNMP-containing piece and synthesis of the new piece are carried out by the 5Ј to 3Ј exonuclease activity and the polymerase activity of DNA polymerase I (41) . In eukaryotes, replicative polymerases carry out strand displacement synthesis in the presence of helicases, and the displaced DNA flap-containing rNMPs are excised by structural nucleases, such as FEN1 (flap structure-specific endonuclease 1) (12) . DNA ligase then restores the continuity of the DNA backbone by sealing the final nicks. In addition, cells likely possess redundant repair pathways, as nucleotide excision repair has also been implicated in the removal of rNMPs (13, 14) . Fig. 2A ). The length of each of the three fragments constituting the nicked DNA substrate is indicated. The 5Ј-end of the 12-mer was radiolabeled, and each construct contained a different 3Ј-end (X). The structures of the different 3Ј-ends are illustrated on the right. TS, transcribed strand. B, Top1-induced religation of nicked DNA substrates bearing the indicated 3Ј-ends (Nicked-12X). The nicked DNA constructs shown in A were reacted with two different concentrations of Top1 (70 or 140 nM) until reaching equilibrium and then resolved on denaturing sequencing gels. A representative gel is shown. C, same as in B except that reaction mixtures contained the catalytically inactive Top1 mutant Top1-Y723F.
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This poses an important question: what are the consequences of unremoved rNMPs? Despite the labile nature of rNMPs, experiments carried out in yeast strains defective in RNase H2 and encoding a modified DNA polymerase prone to misincorporate rNMPs show that high levels of genomic rNMPs are tolerated. However, these yeast strains develop DNA deletions at short repeat sites and experience increased recombination rates (16, 17) . Additionally, the large number of genomic rNMPs in RNase H2-null mouse embryonic fibroblasts leads to a strong p53-dependent DNA damage response and significantly increases micronucleus occurrence and chromosomal rearrangements (15) . In humans, mutations in RNase H2 give rise to the neuroinflammatory disease Aicardi-Goutières syndrome. Importantly, in yeast strains with high levels of genomic rNMPs, additional deletion of the TOP1 gene essentially eliminates all of the aforementioned phenotypes while the levels of genomic rNMPs remain high (10, 16 -18). These results clearly establish that the cellular distress and genomic instability in RNase H2-defective yeast are due to the processing of rNMPs by Top1. Whether this effect of Top1 extends to mammalian cells with defective RNase H2 and whether it has any potential connection to Aicardi-Goutières syndrome require further investigations.
Biochemical studies have demonstrated that Top1 nicks DNA at rNMP sites with a RNase H2-like ribonuclease activity, but with the opposite polarity from RNase H2 (16, 42) . The scissile phosphate of the Top1cc at a rNMP site is susceptible to nucleophilic attack by the 2Ј-hydroxyl on the nearby sugar moiety, forming a 2Ј,3Ј-cyclic phosphate and releasing Top1 (illustrated in Fig. 5, inset) . In RNase H2-defective cells, the high levels of rNMPs combined with the ubiquitous presence of Top1 (43, 44) , likely result in a large number of DNA nicks. Furthermore, the 2Ј,3Ј-cyclic phosphates on the Top1-induced DNA nicks are "dirty" ends, as they are suitable substrates neither for ligation nor for polymerase extension.
The events following the formation of Top1-induced nicks that eventually result in DNA deletions at short repeat sites have been the subject of much speculation (8, 9, 18, 25) . Here, we provide experimental evidence for a sequential model (25) . First, Top1 forms a cleavage complex at the rNMP site ( Fig. 5a) , which leads to the 2Ј,3Ј-cyclic phosphate ends (Fig. 5b) . Second, a Top1cc forms 2 bases 5Ј to the nick (Fig. 5d ), leading to the release of the short DNA fragment with the 2Ј,3Ј-cyclic phosphates (Fig. 5e ). The facile release of the dinucleotide is consistent with prior biochemical studies (32, 45) , attributable to the lack of extensive Top1 interaction with its DNA substrates on the 3Ј-side of the scissile phosphates (46) . Efficient religation across gaps is also consistent with previous reports (32, 45, 47) . Thus, the sequential cleavage of Top1, as depicted in Fig. 5 , results in short DNA deletions at repeat sequences. We note that while this manuscript was under review, a separate report by Sparks and Burgers (31) appeared, which corroborates our present findings remarkably well.
Given the relative locations of the two Top1 binding events at the (AT) 2 hot spot, the DNA deletions are accompanied by loss of rNMPs ( Fig. 5, d-f ). This may account for the fact that Top1 has been reported to function as a backup pathway to RER, as deletion of the TOP1 gene leads to higher accumulation of rNMPs in RNase H2-defective yeast strains (48) . Moreover, the model of sequential Top1 binding is consistent with a recent report implicating Srs2 and Exo1 in a backup pathway to RER (17) . Klein and co-workers (17) showed that Srs2 and Exo1 removed a small DNA fragment on the 5Ј-hydroxyl side of the Top1-induced nicks in vitro, creating a gap. From the biochemical point of view, Top1 and Srs2 compete for the same substrate: the nicks generated by the initial Top1 binding event. Genetic inactivation of SRS2 leads to higher rates of short DNA deletions (17) , a finding that supports our interpretation because Top1 would have more opportunities to process the nicks in the absence of Srs2.
Notably, we also found that Top1 efficiently promoted resealing of the DNA nicks generated by the initial Top1cc at the rNMP sites (Fig. 3, B and C, and Fig. 5 ), consistent with previous reports (38, 39) . The rNMPs are highly labile, as they are prone to spontaneous hydrolysis, forming nicks that are identical to the ones generated by Top1 at rNMP sites. If a ing rNMPs, which would be sensitive to breakage by alkaline treatment, generating 2Ј,3Ј-cyclic phosphates. C, full-length religated product containing the rNMP, which is predicted to be cleaved by alkaline treatment. D, Top1induced religation products with or without alkaline treatment. A representative gel is shown. Nicked DNA constructs containing 2Ј,3Ј-cyclic phosphate at the X-position were allowed to react with two different concentrations of Top1 (70 (1X) or 140 (2X) nM) until reaching equilibrium, and the samples were then split in two. One part of the reaction mixture was further treated with 0.3 M KOH (final concentration) at 55°C for 1 h. Products were then resolved on a denaturing sequencing gel. E, quantification of the 30-and 28-nt products after KOH (D) and RNase H2 treatment. The same experiment as in D was carried out with RNase H2, as the enzyme selectively cleaves ribonucleotides embedded in DNA. Band intensities were normalized to that of the untreated 30-nt product containing 70 nM human recombinant Top1 (1X Top1) in each experiment. A.U., arbitrary units. MAY 29, 2015 • VOLUME 290 • NUMBER 22
JOURNAL OF BIOLOGICAL CHEMISTRY 14073 misincorporated rNMP undergoes spontaneous hydrolysis before RNase H2 locates it, the resulting DNA nicks (with 2Ј,3Јcyclic phosphates) are no longer substrates for RNase H2 and therefore are potentially excluded from the error-free RNase H2-dependent repair. We note that when Top1 interacts with DNA nicks containing 2Ј,3Ј-cyclic phosphates, it generates the resealed full-length construct (Fig. 5g) as the dominant product, whereas the short deletion ( Fig. 5f ) appears as the minor product ( Fig. 3B ). Direct resealing of this type of nick would allow renewed attempt for repair by the RNase H2-dependent pathway. Therefore, the consequences of Top1 can be viewed as both positive and negative, in a state of equilibrium ( Fig. 5 ). Finally, it is important to consider the potential impact of Top1 under normal conditions. Although RNase H2-dependent RER is the predominant repair pathway, how rapidly the rNMPs are removed after misincorporation by replicative polymerases is not known. Of the estimated Ͼ10 6 rNMPs embedded in the genome per cycle of replication in mammalian cells (15, 49) , what fraction is yet to be repaired by RNase H2-dependent RER before Top1-induced nicks can occur? Could Top1induced DNA nicks pose greater threats in particular types of tissues? A recent key report highlights the potential damage of genomic rNMPs by showing that human ligases are prone to stall when they encounter RNase H2-generated nicks (50) . The abortive ligation generates 5Ј-adenylation adducts, which require processing by aprataxin. Elimination of the aprataxin homolog in yeast leads to impaired growth and hypersensitivity to hydroxyurea in a RNase H2-dependent fashion (50) . Mutations in human aprataxin lead to the late-onset neurological disease ataxia with oculomotor apraxia type 1 (AOA1). Genomes of non-replicative cells, such as neurons, potentially accumulate high levels of rNMPs because DNA repair polymerases repeatedly misincorporate rNMPs, particularly with the low deoxyribonucleotide triphosphate:ribonucleotide triphosphate ratio in these cells. It is possible that physiological manifestation of AOA1 arises only on the background of high genomic rNMPs. The results from this study confirm that interaction of Top1 with embedded rNMPs on a similar background could have significant consequences. FIGURE 5 . Scheme for the processing of rNMP-containing substrates leading to Top1-induced deletions at short repeats or Top1-induced religation of the DNA nicks for subsequent RNase H2-dependent repair. a, rNMPs embedded in the genomic DNA, which can generate products (b or c). b, DNA breaks with 2Ј,3Ј-cyclic phosphates can be generated either by Top1 binding to the rNMPs or by spontaneous breakage. c, RNase H2-mediated DNA repair removes rNMPs from the genomic DNA. d, a second Top1cc adjacent to the nick enables the dissociation of the short DNA fragment, resulting in excision of the ribonucleotide. e, religation across the gap by Top1. f, Top1 dissociates, leaving a 2-nt deletion. g, alternatively, Top1 binding at the 2Ј,3Ј-cyclic phosphates can reseal the DNA nicks, allowing RNase H2-mediated DNA repair to remove ribonucleotides to generate (c). Inset, chemical scheme of the key intermediates.
